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Abstract
We investigate the implications of a minimal SU(2) gauge symmetry extension of the standard
model at the LHC. To achieve the spontaneous symmetry breaking, a heavy Higgs doublet of the
SU(2) is introduced. To obtain an anomaly free model and the decays of new charged gauge bosons,
we include a vector-like quark doublet. We also employ a real scalar boson to dictate the heavy
Higgs production via the gluon-gluon fusion processes. It is found that the new gauge coupling
and the masses of new gauge bosons can be strictly bounded by the electroweak ρ-parameter
and dilepton resonance experiments at the LHC. It is found that due to the new charged gauge
boson enhancement, the cross sections for a heavy scalar boson to diphoton channel measured by
ATLAS and CMS can be easily satisfied when the values of Yukawa couplings are properly taken.
Furthermore, by adopting event simulation, we find that the significance of pp → (γγ)H + jet,
where the diphoton is from the heavy Higgs decay, can be over 4σ when the luminosity is above
60 fb−1.
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I. INTRODUCTION
The Large Hadron Collider (LHC) can not only test the standard model (SM) but also
probe the physics beyond the SM, enabling the exploration of new physics. Some potential
events indicating the effects of new physics have indeed been reported by the ATLAS and
CMS experiments. For instance, diboson resonance at around 2 TeV was shown by AT-
LAS [1] and CMS [2]; an unexpectedly large branching ratio (BR) for h→ µτ was given by
CMS [3]. The search for new resonances has been performed by CMS and ATLAS in the
dijet decays at the center-of-energy of
√
s = 13 TeV [4, 5] and in the dilepton channels [6–8].
Although no significant excess has been observed, the data can give strict limits on the mass
of resonance and its couplings to the SM particles.
Moreover, a hint of a new resonance with a mass of around 750 GeV in the diphoton
spectrum was reported by the ATLAS [9, 10] and CMS [11, 12] experiments. Inspired by the
measurements, the diphoton excess issue was broadly discussed [15–76]. However, a clearer
signature of the diphoton resonance is not confirmed by the updating data of ATLAS [77]
and CMS [78], and the significance of the resonance is somewhat diminished. Nevertheless,
it is still a good channel to probe a new resonance through the diphoton decay.
Since several observed phenomena have not been resolved yet, such as the origin of
neutrino masses, dark matter, and anomalous muon g − 2, it is believed that the SM gauge
symmetry SU(3)c × SU(2)L × U(1)Y is an effective theory at the electroweak scale. It is of
interest and importance to explore the existence of other gauge symmetry, in which the new
force carrier(s) and particles are involved. The extended gauge symmetries of the SM have
been widely studied in the literature, such as Z ′ [79–82] and W ′ [83–87] models. Especially,
if a new charged gauge boson is observed, it must be the representation of some non-Abelian
gauge group. In this work, we thus consider a minimal non-Abelian gauge extension of the
SM and investigate the phenomenological implications at the LHC.
We extend the SM by introducing a new SU(2) gauge symmetry, where two new charged
gauge bosons W ′± and one neutral gauge boson Z ′ are involved. In order to minimize the
number of new particles, a vector-like quark (VLQ) doublet of the SU(2) is introduced,
where new leptons are not necessary to cancel the gauge anomaly, and the W ′ can decay
into the VLQs and SM quarks; a heavy Higgs doublet is employed to spontaneously break
the SU(2) symmetry; and a real singlet scalar is introduced to dictate the heavy Higgs
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production via the gluon-gluon fusion (ggF) processes. That is, there are only four new
matter particles, three new force carriers, and one new gauge coupling in this model. We
note that the new SU(2) gauge symmetry is not the SU(2)R, where the SM right-handed
fermions belong the doublets of SU(2)R. The SM particles in the model are the SU(2)
singlet states.
In addition to introducing the VLQs, one can also adopt the new representations, which
are similar to the fourth generation of the SM gauge symmetry, to be Q′ : (3, 1, 2)(1/6),
u′R : (3, 1, 1)(2/3), d
′
R : (3, 1, 1)(−1/3), L′ : (1, 1, 2)(−1/2), e′R : (1, 1, 1)(−1), and νR :
(1, 1, 1)(0) under (SU(3), SU(2)1, SU(2)2)(U(1)Y ). Since more new particles are involved in
such model, it is expected that these new particles will lead to richer phenomena, such as
more collider signatures, lepton and quark flavor physics, and νR can be the dark matter
candidate if an unbroken Z2 is imposed. Since the involving new particles and couplings
are much more than those in the model with VLQs, in this work we focus the study on the
VLQ model.
In order to concentrate the study on the collider signatures, we assume that only the
third generation SM quarks couple to the VLQs via the Yukawa couplings. Accordingly,
the charged current interactions of the SM quarks can be modified; however, due to the
modification being suppressed by the light quark masses, their effects can be ignored at
the leading order approximation. In addition, the flavor changing neutral currents (FCNCs)
happen between the third generation quarks and VLQs, thus, the influence on the low energy
flavor physics is small.
From the electroweak ρ-parameter precision measurement, it is found that the W ′ and Z ′
gauge bosons have to be heavier than 1 TeV. If we further assume that the VLQs are heavier
than the heavy Higgs boson, the heavy Higgs particle can only decay through the loop effects.
It is known that the loop integral for a scalar to diphoton decay strongly depends on the
spin property of a particle in the loop; for instance, the ratios of loop integrals for spin-0,
-1/2, and -1 particles are A0 : A1/2 : A1 ∼ 1/3 : 4/3 : 7 [88]. Clearly, despite the magnitudes
of the couplings involved, it is more efficient to enhance the BR of the diphoton decay if
new spin-1/2 or/and -1 particles can make the contributions. Hence, the W ′ and VLQs in
the model play an important role in the properties of the heavy Higgs boson.
The paper is organized as follows. In Sec. II, we introduce the model. In Sec. III, we
study the constraints on the new gauge coupling and masses of new gauge bosons, and
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analyze some phenomena at the LHC, such as exotic diphoton resonance and new particle
production. The summary is then given in Sec. IV.
II. MODEL
We start by setting up the model. In this study, we extend the SM gauge symmetry to
SU(2)1×SU(2)2×U(1)Y , where the SM particles belong to the representations of SU(2)1×
U(1)Y and are singlets of SU(2)2. To break the gauge symmetry down to U(1)em, we
introduce two Higgs doublets H1 = (2, 1)1/2 and H2 = (1, 2)1/2, where the former is the
SM Higgs doublet, the latter is the heavy Higgs doublet of SU(2)2, and the subscripts in
the representations denote the hypercharges of the Higgs doublets. In order to minimize
the number of new particles, and enhance the decays of the heavy scalar boson of H2, we
introduce a VLQ doublet Q′T = (U ′, D′) of SU(2)2 to the model. In addition, we include a
Higgs singlet S ′ to produce the heavy Higgs via ggF processes. Since the SM particles, Higgs
doublets, and Q′ carry the hypercharges of U(1)Y , we define the electric charges of particles
to be Qem = T
(1)
3 + T
(2)
3 + Y , where T
(1,2)
3 = σ3/2 and σ3 is the diagonalized Pauli matrix.
Accordingly, the electric charges of U ′ and D′ are 2/3 and −1/3, respectively. For clarity,
we show the representations and charge assignments of particles under the gauge symmetry
of SU(3)C × SU(2)1 × SU(2)2 × U(1)Y in Table I.
TABLE I: Representations and charge assignments of particles under the gauge symmetry SU(3)C×
SU(2)1×SU(2)2×U(1)Y , where Q′ denotes the vector-like quark, and both left- and right-handed
states carry the same charges.
Fermions Scalar
QL uR dR LL eR Q
′
L(R) H1 H2 S
′
SU(3)C 3 3 3 1 1 3 1 1 1
SU(2)1 2 1 1 2 1 1 2 1 1
SU(2)2 1 1 1 1 1 2 1 2 1
U(1)Y 1/6 2/3 −1/3 −1/2 −1 1/6 1/2 1/2 0
Although the introduced new particles belong to the representations of SU(2)2, they can
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couple to the SM particles through the mixings from the Yukawa sector, scalar potential,
and gauge sector. To derive these new interactions, we first study the Yukawa sector and
scalar potential that dictates the SSB. Hence, we write them as:
− L = [yF Q¯′LQ′RS ′ + ybQ¯′LH2bR + ytQ¯′LH˜2tR
+ mΨQ¯
′
LQ
′
R +H.c.] + V (H1, H2, S
′) , (1)
V (H1, H2, S
′) =
∑
i=1,2
[
µ2iH
†
iHi + λi
(
H†iHi
)2]
+ µ2SS
′2 + λSS
′4
+µ3S
′3 + S ′(µ1SH
†
1H1 + µ2SH
†
2H2) + λ12H
†
1H1H
†
2H2
+λ1SS
′2H†1H1 + λ2SS
′2H†2H2 . (2)
In order to focus the study on the collider signatures, we assume that only the b- and t-quark
couple to the VLQs in the Yukawa sector. To find the stable vacuum expectation values
(VEVs) of scalar fields for SSB, we express the scalar fields as:
Hi =

 G+i
(vi + hi + iG
0
i )/
√
2

 , S ′ = (vS + S)/√2 , (3)
where G±,0i are the unphysical Nambu-Goldstone bosons and h1,2, and S are the physical
scalar bosons. By requiring ∂V (v1, v2, vS)/∂vi = 0, the minimal conditions for vi are obtained
as:
µ21 + λ1v
2
1 +
1
2
(λ12v
2
2 + λ1Sv
2
S) +
µ1S√
2
vS = 0 ,
µ22 + λ2v
2
2 +
1
2
(λ12v
2
1 + λ2Sv
2
S) +
µ2S√
2
vS = 0 ,
µ2SvS + λSv
3
S +
vS
2
(λ1Sv
2
1 + λ2Sv
2
2) +
3µS
2
√
2
v2S +
1
2
√
2
(
µ1Sv
2
1 + µ2Sv
2
2
)
= 0 . (4)
The mass-square matrix for the scalar bosons, which satisfies above conditions, can thus be
expressed as:
M2 =


m2h1 λ12v1v2 λ1Sv1vS +
µ1Sv1√
2
λ12v1v2 m
2
h2
λ2Sv2vS +
µ2Sv2√
2
λ1Sv1vS +
µ1Sv1√
2
λ2Sv2vS +
µ2Sv2√
2
m2S

 , (5)
where the diagonal elements are m2h1 = 2λ1v
2
1, m
2
h2
= 2λ1v
2
2 , and
m2S = 2λSv
2
S +
3µSvS
2
√
2
− µ1Sv
2
1 + µ2Sv
2
2
2
√
2vS
. (6)
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It is clear that the parameters λ12 and λ1S(µ1S) control the mixtures of h1-h2 and h1-S,
respectively. Since S field directly couples to the heavy VLQs, any sizable mixings between
h1 and (h2, S) may cause too large Higgs production cross section and BR for the Higgs
to diphoton decay; for instance, the diphoton signal strength parameter, defined by µγγi =
[σ(pp → h)/σ(pp → h)SM] · [BR(h → γγ)/BR(h → γγ)SM] ≡ µi · µf , would conflict with
the data which are measured by ATLAS [89] and CMS [90] and show µγγi = 1.17± 0.28 and
1.11+0.25−0.23, respectively. For this phenomenological reason, we adopt λ12, λ1S, µ1S/mS ≪ 1.
Therefore, in this model, h1 is regarded as the SM Higgs h;
h1 ≃ h, v ≡ v1, mh ≡ mh1 ≃
√
2λ1v, (7)
where v ≃ 246 GeV is the VEV of SM Higgs, and we use h instead of h1 hereafter. As a
result, we only need to focus on a 2× 2 matrix, expressed as:
M2h2S =

m2h2 m223
m223 m
2
S

 (8)
with m223 = λ2Sv2vS + v2µ2S/
√
2. Accordingly, the physical masses are given by:
m2H/HS =
m2S +m
2
h2
2
∓ 1
2
√(
m2S −m2h2
)2
+ 4m423 . (9)
The relationship between physical and weak states is parametrized as:
 H
HS

 =

 cosφ − sinφ
sin φ cosφ



 h2
S

 , (10)
where the mixing angle is given by sinφ =
(
1−
√
1− sin2 2φ
)1/2
and sin 2φ = 2m223/(m
2
HS
−
m2H). H and HS are the new heavy scalar bosons. Since the H dictates the SU(2)2 breaking,
hereafter we name it as the heavy Higgs boson. From the scalar potential of Eq. (2), it can
be seen that twelve parameters are introduced. Ignoring the small λ12,1S, and µ1S/mS, the
number of relevant free parameters is eight. Since µ2S appears inm
2
23 andm
2
S, its information
cannot be extracted singly. In the current numerical analysis, we set µ2S = 0 for simplicity.
In terms of VEVs, masses of scalar bosons, and mixing angle, the set of free parameters from
the scalar potential is chosen as: v1,2, vS, mh,H , mHS , and sinφ. If we take v ≡ v1 ≈ 246
GeV and mh ≈ 125 GeV, the undetermined free parameters in scalar sector are vS, mH,HS ,
and sinφ.
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After SSB, all fermions are in physical states. Since only the third generation of quarks
couples to the VLQs and H2 doublet, we can choose the basis for which the first two
generations of quarks are in mass eigenstates; however, the Dirac mass matrix for t−U ′ and
b−D′ quarks can be formulated by:
Mq =

 m¯q 0
mqQ mF

 (11)
where q = t(b) and Q = U ′(D′) quarks, m¯q is the mass of the SM quark q before introducing
the VLQs, mF = mΨ + yFvS/
√
2, and mqQ = yqv2/
√
2. We note that mU ′ = mD′ = mF .
Mq can be diagonalized by a bi-unitary transformation M
dia
q = V
q
LMqV
†
R, where V
q
L,R are
unitary matrices. The V qL and V
q
R can be obtained through M
dia
q M
dia†
q = V
q
LMqM
†
qV
q†
L and
Mdia†q M
dia
q = V
q
RM
†
qMqV
q†
L , respectively. If we parametrize the V
q
L(R) to be a 2 × 2 matrix,
as shown in Eq. (10), and use the angle θqL(R) instead of φ, with m¯q, mqQ < mF we find:
tan θqL ≈
m¯qmqQ
m2F
, tan θqR ≈
mqQ
mF
. (12)
Note that the SM quark mass without VLQs is given by m¯q = y
diag
q v/
√
2 where ydiagq is the
component of diagonalized SM Yukawa coupling matrix. In the following analysis, we use
the notations of T and B to present the physical states of U ′ and D′, respectively. If the
new exotic quarks are as heavy as O(TeV), the masses of the quarks can be simplified as
mt ≈ m¯t, mb ≈ m¯b, mT ≈ mB ≈ mF . We use these simple relations for the numerical
calculations and phenomenological analysis. The Yukawa couplings of (S, h2, h) to quarks
are thus presented in Table II, where sqL(R) = sin θ
q
L(R), c
q
L(R) = cos θ
q
L(R), q is the SM quark
t or b, and Q stands for the VLQ T or B.
TABLE II: Yukawa couplings of scalar bosons to quarks.
Field Q¯[...]Q q¯[...]Q Q¯[...]q q¯[...]q
S − yF√
2
cqLc
q
R
yF√
2
(sqLc
q
RPR + c
q
Ls
q
RPL)
yF√
2
(sqLc
q
RPL + c
q
Ls
q
RPR) − yF√2s
q
Ls
q
R
h2 − yq√2c
q
Ls
q
L − yq√2 (−s
q
Ls
q
RPR + c
q
Lc
q
RPL) − yq√2 (−s
q
Ls
q
RPL + c
q
Lc
q
RPR)
yq√
2
sqLc
q
R
h −mqv s
q
Ls
q
R −mqv (c
q
Ls
q
RPR + s
q
Lc
q
RPL) −mqv (c
q
Ls
q
RPL + s
q
Lc
q
RPR) −mqv c
q
Lc
q
R
To get the gauge interactions in the model, we write the covariant derivative as:
Dµ =
(
∂µ − igiT (i)a Aaiµ − igY Y Bµ
)
, (13)
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where gi and A
a
iµ (a = 1-3) are the gauge coupling and gauge fields of SU(2)i, gY and Bµ
are the gauge coupling and gauge field of U(1)Y , T
(i)
a = σa/2 and σa are the Pauli matrices,
and Y is the hypercharge of a particle. The masses of gauge bosons and the couplings of h
and h2 to gauge bosons are dictated by the kinetic terms of the H1 and H2 fields, which are
defined by (DµHi)
†(DµHi). Using Eq. (13), the covariant derivative of Hi can be written as:
DµHi ⊃

 giA3iµ/2 + gYBµ/2 giW+iµ/√2
giW
−
iµ/
√
2 −giA3iµ/2 + gYBµ/2



 0
(vi + hi)/
√
2

 , (14)
where the charged gauge fields are defined by W±i = (A
1
i ∓ iA2i )/
√
2. Since the gauge
transformations of H1 and H2 are independent, W
±
1 and W
±
2 do not mix with each other.
One can thus name them as the SM and new charged gauge bosons W± and W ′±, and their
masses can be easily obtained as mW = gv/2 and mW ′ = g2v2/2, respectively, where we
have used g and v instead of g1 and v1. From Eq. (14), the triple couplings of hi and W
±
iµ
can be expressed as:
LhiWW = gmWhW+µ W−µ + g2mW ′h2W ′+µ W ′−µ . (15)
Unlike the charged gauge bosons, both H1 and H2 carry U(1)Y charge. When SU(2)1 ×
SU(2)2×U(1)Y breaks to U(1)em, the gauge fields A31µ, A32µ, and Bµ of U(1)Y mix so that we
have two massive neutral gauge bosons Z and Z ′ and one massless photon. The mass-square
matrix for the neutral gauge boson is expressed as:
LM = 1
8


A32µ
A31µ
Bµ


T 

v22g
2
2 0 −v22g2gY
0 v21g
2 −v21ggY
−v22g2gY −v21ggY (v21 + v22)g2Y




A3µ2
A3µ1
Bµ

 . (16)
Since U(1)em symmetry is preserved, to show the massless photon state, we adopt the basis
of gauge fields as: 

A32µ
A31µ
Bµ

 =


cθ 0 sθ
0 1 0
−sθ 0 cθ




1 0 0
0 cW sW
0 −sW cW




Z2µ
Z1µ
Aµ

 , (17)
where sθ = sin θ = gY /
√
g22 + g
2
Y , cθ = cos θ = g2/
√
g22 + g
2
Y , g
′ = gY cθ, sW = sin θW =
g′/
√
g2 + g′2, cW = cos θW = g/
√
g2 + g′2, θW is the Weinberg’s angle in the SM, and Aµ is
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the massless photon. In terms of this basis, the mass-square matrix of Eq. (16) is reduced
to be a 2×2 matrix, which is just for the Z1 and Z2 gauge bosons. Since the gauge coupling
g2 is the only new free parameter in the gauge sector, the sθ, cθ, and gY can be expressed
by the gauge couplings g2 and g
′ as:
cθ =
√
1− g′2/g22 , sθ = g′/g2 ,
gY =
g2g
′√
g22 − g′2
with g′ < g2 . (18)
Under the basis in Eq. (17), the mass-square matrix for the massive gauge bosons Z1 and
Z2 is given by:
M2Z1Z2 =

 m2Z1 m2Z1Z2
m2Z1Z2 m
2
Z2

 , (19)
m2Z2 =
v22g
4
2 + v
2g′4
4(g22 − g′2)
, m2Z1 =
v2
4
(g2 + g′2) ,
m2Z1Z2 =
v2g′2
4
√
g2 + g′2
g22 − g′2
.
As a result, the masses of Z and Z ′ and their mixing angle can be written as:
m2Z/Z′ =
m2Z1 +m
2
Z2
2
± 1
2
√
(m2Z2 −m2Z1)2 + 4m4Z1Z2 , (20)
sin 2θZ =
2m2Z1Z2
m2Z′ −m2Z
,
It is known that the ρ-parameter in the SM is ρ = mW/(mZ cos θW ) = 1 at the tree level,
whereas the precision measurement is ρexp = 1.00040+0.0003−0.0004 [91]. From Eq. (19), ρ = m
2
Z1
/m2Z
in this model. Thus, any sizable m2Z1Z2 will spoil ρ = 1. To fit the experimental bound, we
have to require m2Z1 , m
2
Z1Z2
≪ m2Z2 . Taking the allowed range of ρ within 1σ errors, it is
found that the condition to satisfy the bound of ρexp is:
mZ′ >
√
1
4
+
g′4
g22 − g′2
mZ√
7× 10−4 . (21)
Roughly, the mass of gauge boson Z ′ has to be heavier than 1.7 TeV and the mixing angle
θZ is of the order of 10
−3. That is, the Z and Z ′ mixing effect is small and can be neglected.
Taking this approximation, the couplings of scalars to Z and Z ′ can be expressed as:
LhiZZ =
1
2
gmZ
cW
hZµZ
µ + g′tθmZhZµZ
′µ
+
1
2
[
g22
2c2θ
v2h2 +
g′2t2θ
2
v1h
]
Z ′µZ
′µ (22)
9
with tθ = tan θ.
Next, we discuss the interactions of gauge bosons and fermions. As mentioned earlier,
since the symmetry breaking is dictated by the two Higgs doublets, the charged gauge bosons
in SU(2)1 do not mix with those in SU(2)2. However, the SM quarks of SU(2)1 and the
VLQs of SU(2)2 can couple to W
′± and W± respectively through the flavor mixings, which
arise from the Yukawa couplings and are shown in Eqs. (11) and (12). Since only the third-
generation of the SM quarks mixes with the VLQs, we present the relevant couplings of W
boson to the quarks as:
LW = −
g√
2
Vtq′(c
t
Lt¯L + s
t
LT¯L)γ
µq′LW
+
µ −
g√
2
Vq′′bq¯
′′
Lγ
µ(cbLbL + s
b
LBL)W
+
µ
− g2√
2
(
t¯, T¯
)
L
γµ

 ctLcbL ctLsbL
stLc
b
L s
t
Ls
b
L



 b
B


L
W+µ +H.c. , (23)
where Vqq′ is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element, q
′ = d, s, and q′′ =
u, c. Since both left-handed and right-handed VLQs can couple to theW ′-gauge boson, with
the mixing angles of θqL and θ
q
R, the interactions of W
′ and quarks can be formulated by:
LW2 = −
g2√
2
(
t¯, T¯
)
χ
γµ

 stχsbχ −stχcbχ
−ctχsbχ ctχcbχ



 b
B


χ
W
′+
µ +H.c. , (24)
where χ denotes the chirality of quarks. Because we do not introduce exotic leptons in this
model, the couplings of W -boson to the SM leptons are not changed.
It has been shown that the neutral gauge bosons A31µ,2µ, and Bµ mix together when the
local gauge symmetry is broken. Therefore, even without the flavor mixings of Eq. (11),
Z1µ and Z2µ can couple to VLQs and the SM quarks simultaneously. Combining the flavor
mixings θqL,R and the gauge mixing θ, the interactions of Z1 and quarks are presented as:
LZ1 = −
g
cW
(
q¯, Q¯
)
L
γµ

 (cqL)2T (1)3 − s2WQem cqLsqLT (1)3
cqLs
q
LT
(1)
3 (s
q
L)
2T
(1)
3 − s2WQem



 q
Q


L
Z1µ
− g
cW
(
q¯, Q¯
)
R
γµ

 −s2WQem 0
0 −s2WQem



 q
Q


R
Z1µ , (25)
where q = t(b), Q = T (B), Qem denotes the electric charge of quark. It can be seen that the
FCNCs are induced in the left-handed current interactions while the right-handed currents
only have flavor-conserving couplings. Since the mixing between Z1 and Z2 is small, the Z1
10
can be regarded as the physical Z-gauge boson when the mixing is neglected. Similarly, one
can get the Z2 couplings to quarks as follows:
LZ2 = −
g2
cθ
(
q¯, Q¯
)
L
γµM2L

 q
Q


L
Z2µ
− g2
cθ
(
q¯, Q¯
)
R
γµ

 (sqR)2T (2)3 − s2θQem −cqRsqRT (2)3
−cqRsqRT (2)3 (cqR)2T (2)3 − s2θQem



 q
Q


R
Z2µ (26)
with
M2L =

 (cqL)2s2θT (1)3 + (sqL)2T (2)3 − s2θQem cqLsqL(s2θT (1)3 − T (2)3 )
cqLs
q
L(s
2
θT
(1)
3 − T (2)3 ) (sqL)2s2θT (1)3 + (cqL)2T (2)3 − s2θQem

 . (27)
These complicated couplings can be simplified if we adopt the limit θqL → 0, which is from
the result of θqL ≪ 1. The couplings of Z1 to the SM leptons are the same as those in the
SM, and thus we do not show them again. The couplings of Z2 to the SM leptons are new
and they are given as:
LZ2ℓℓ = −
g2s
2
θ
2cθ
[
ν¯γµ
(
1
2
− 1
2
γ5
)
ν + ℓ¯γµ
(
3
2
+
1
2
γ5
)
ℓ
]
Z2µ . (28)
In order to calculate the BRs for h2 → γγ, Zγ, ZZ decays through the W ′-loop, and the
vertices involved are derived as:
LW ′W ′V =
[
gαβ(p
−
µ − p+µ ) + gµα(pβ − p−β ) + gβµ(p+α − pα)
]
× W ′−αW ′+β (g2cθZ ′µ2 + eAµ − e tWZµ1 ) , (29)
where p+α , p
−
α , and pα are the momenta of W
′+, W ′−, and neutral gauge boson Z2/Z1/A,
respectively, and tW = tan θW .
From Eq. (12) and with tan θqR < 0.3, it can be seen that tan θ
t
L < 0.05 and tan θ
b
L <
1.5 × 10−3. It is a good approximation to ignore the contributions from θqL when we focus
on the leading effects. We therefore adopt sqL ≈ 0 and cqL ≈ 1 in our numerical calculations.
According to the result of Eq. (21), mZ′ has to be larger than 1.7 GeV; unless explicitly
mentioned, we fix mZ′ ≈ 1.8 GeV. Since we have not seen the signals of VLQ and HS, in
numerical analysis we assume mF,HS > mH . The other fixed values of the parameters used
in the current work are summarized in Table III.
11
TABLE III: Fixed values of the parameters.
v [GeV] mh [GeV] mH [GeV] mHS [GeV] g g
′ s2W
246 125 750 1000 0.654 0.407 0.231
III. PHENOMENOLOGY OF THE MODEL
In this section, we discuss the constraints of the new gauge coupling and some phenomena,
such as the heavy Higgs H to diphoton decay and the signature of the new particles in the
model at 13 TeV LHC.
A. Constraints on the new gauge coupling
g2 and v2 are the two important parameters for the H diphoton decay, and thus we need
to study their constraints. Since the Z ′-gauge boson can couple to the SM fermions and its
mass is determined by g2 and v2, it is of interest to understand the constraints of g2 and mZ′
from the dijet and dilepton experiments at the LHC. It is found that the constraints from
dijet channels are not as strong as those from dileptons, and thus we focus on the dilepton
channels.
In order to calculate the production cross section for pp → Z ′ → ℓ+ℓ− (ℓ = e, µ), we
implement the vertices of our model into CalcHEP [92] and use the CTEQ6L [93] parton
distribution functions (PDFs). With the interactions derived earlier, the production cross
section for pp→ Z ′ → ℓ+ℓ− as a function of mZ′ is presented in Fig. 1, where the left (right)
panel is for sqR = 0.1(0.2) at
√
s = 8 TeV, the different lines denote the different values of
g2, and the masses of VLQs have been fixed to be mF = 1 TeV. The dashed red lines in the
plots are the bound from the ATLAS experiments [7]. It can be seen that the cross section
is decreasing when g2 is increasing, and this can be ascribed to the couplings Z
′-q-q that
depend on s2θg2 = g
′2/g2. The discontinuity at mZ′ = 2 TeV shows that the decay channels
of Z ′ → T¯ T, B¯B are open. Besides the results at √s = 8 TeV, we also show the results at
√
s = 13 TeV in Fig. 2, where the experimental bound is from the ATLAS measurements [8].
It is clear that the 13 TeV data have a slightly stronger constraint than the 8 TeV data.
From the plots, it can be seen that a larger sqR can weaken the constraint because the BRs
for Z ′ → T t, Bb are enhanced; that is, the BR for Z ′ → ℓ+ℓ− is relatively suppressed. In
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FIG. 1: σ(pp→ Z ′)Br(Z ′ → ℓ+ℓ−) as a function of mZ′ at
√
s = 8 TeV with various values of g2
for sqR = 0.1 (left) and s
q
R = 0.2 (right), where the masses of VLQs are fixed to be 1 TeV and the
dashed red line shows the upper limit from the ATLAS experiment [7].
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FIG. 2: The legend is the same as that in Fig. 1 but for
√
s = 13 TeV, where the experimental
bound is from the ATLAS measurements [8].
addition, we also find that the constraint from the ρ-parameter becomes dominant when
g2 & 2.
B. Diphoton heavy Higgs boson decay
With the allowed g2 and mZ′, we now study the phenomenon of the H decay to diphoton.
Since H is a colorless scalar, the production process is through ggF. Therefore, the effective
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interaction for Hgg induced from the VLQ loops is formulated as:
LggH = −αs
8π
(
nF sinφc
q
RyF
2
√
2mF
A1/2(τ)
)
HGaµνGaµν , (30)
where nF = 2 is the number of VLQs and the loop function is:
A1/2(τ) = −2τ [1 + (1− τ)f(τ)2] (31)
with τ = 4m2F/m
2
H and f(x) = sin
−1(1/
√
x). Using Eq. (30), we can directly calculate the
H production cross section. Since we take mF,HS > mH and λ12, λ1S, µ1S/mS ≪ 1, the
main H decays are H → gg, γγ, Zγ. Although H decay to t- and b-quark is allowed, due to
the suppression of flavor mixings and mt(b)/mF , the associated BRs are much smaller than
that of the diphoton decay. As such, we concentrate on the decays H → gg, γγ, Zγ in the
calculations.
From Eq. (30), the partial decay width for H → gg is derived as:
Γ(H → gg) = α
2
sm
3
H
32π3
∣∣∣∣nF sinφcqRyF2√2mF A1/2(τ)
∣∣∣∣
2
. (32)
It can be seen that Γ(H → gg) strongly depends on the yF , sinφ, mF , and flavor mixing sqR.
In addition to the VLQ loops, the W ′-loop also contributes to H → γγ. The partial decay
width for H → γγ can be expressed as:
Γ(H → γγ) = α
2m3H
256π3
∣∣∣∣−yF sin φc
q
RQ
2
emNc√
2mF
A1/2(τ) +
g2 cosφ
2mW ′
A1(ξ)
∣∣∣∣
2
, (33)
where Nc = 3 is the number of colors, Q
2
em = 5/9 is the sum of electric charge squares of T
and B quarks, and ξ = 4m2W ′/m
2
H . The loop function for the W
′-gauge boson is given by:
A1(ξ) = 2 + 3ξ + 3ξ(2− ξ)f(ξ)2. (34)
Since the W ′ contribution in Eq. (33) is suppressed by m′W , H → gg is the dominant decay
mode. Due to Γ(H → gg) ≫ Γ(H → γγ) and Γ(H → Zγ) ≈ Γ(H → γγ), we do not
show up the detailed formula for Γ(H → Zγ), however, we include its numerical value
when calculating the width. Although H → ZZ decay is allowed in our model, due to
Γ(H → ZZ)≪ Γ(H → γγ), we ignore its contribution.
Since the H production is dominated by the ggF channel, the diphoton production cross
section at the center-of-energy of
√
s in the narrow width approximation can be expressed
as [23]:
σ(gg → H → γγ) ≈ Cgg
s
Γgg
mH
Bγγ , (35)
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where Cgg is related to the gluon luminosity function, Γgg ≡ Γ(H → gg), and Bγγ ≡
BR(H → γγ) is the BR for the decay H → γγ. In order to perform the numerical analysis,
we adopt Cgg ≈ 2137 at
√
s = 13 TeV and the K-factor for gluon fusion production process
as Kgg ≃ 1.5 [23]. For comparison with the current upper bound on the diphoton resonance,
we take the ATLAS data with 1σ errors and mH = 750 GeV [77] as:
σ(gg → H → γγ) ≤ 1.2 fb . (36)
We now present the numerical analysis for pp → H → γγ by choosing some benchmark
values of the free parameters. As mentioned earlier, the H production and decays are
sensitive to yF , mF , and sinφ. In order to display the dependence of these parameters, we
present the contours for σ(pp → H → γγ) at √s = 13 TeV as a function of yF and mF in
Fig. 3(a), where the dashed lines with numbers on them are the cross section in units of fb,
and we set sqR = 0.3, sin φ = 1/
√
2, and g2 = 3.3. The parameter space in gray region has
been excluded by the current ATLAS data as shown in Eq. (36). In addition, Fig. 3(b) shows
the contours for the cross section as a function of yF and sinφ, where s
q
R = 0.3, mF = 1
TeV, and g2 = 3.3 are used. From the results, it can be seen that the Yukawa coupling with
yF > 1 is limited by the current data. Other parameter region can be tested when more
data are accumulated at the LHC.
C. Collider signatures of the model
We now study the possible collider signatures implied in the model. It is known that
the masses of W ′ and Z ′ have to be heavier than 1.7 TeV. The production of W ′/Z ′ pairs
is highly suppressed. For VLQ-pair production, it is found that the σ(pp → B¯B/T¯T ) at
√
s = 13 TeV is around 10-80 fb when 800 ≤ mF ≤ 1100 GeV. With mH < mF < mW ′/Z′,
the BRs for VLQ decays are BR(T → tH(h)) = 0.86(0.14) and BR(B → bH) ≈ 1. If
we require that one H decays to diphoton and the other decays to gluon-jet, by using the
results in Fig. 3, the cross section for pp → Q¯′Q′ → q¯q(γγ)H(gg)H is around 0.05-0.4 fb,
where Q′ = T (B) and q = t(b).
Next, we study the single production of a new particle. Since W ′± couple to the SM
fermions via the flavor mixings, the production cross section for W ′(t, b) is of order of
10−2 fb. The Z ′-boson can couple to the SM fermions without flavor mixing, however, the
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FIG. 3: Contours for σ(pp→ H → γγ) (dashed) as a function of (a) yF and mF (b) yF and sinφ,
where the taken values of other parameters are shown in the plots. The gray region is excluded by
the current ATLAS data.
production cross section for Z ′(t, b, jet) is not large and is of order of 3 fb. Although the
VLQs can be as light as a few hundred GeV, the single T (B)-quark production is highly
suppressed. We find that the production cross section for the process pp→ H+jet can reach
0.2 pb, where the dominant interaction is from ggH shown in Eq. (30) and the associated
Feynman diagram is sketched in Fig. 4. This channel can be used to further probe the scalar
resonance. To show the detection possibility, we calculate the production cross section for
pp→ (γγ)H +jet as a function of mF in Fig. 5(a), where the solid lines are for yF = −8,−6,
the dashed line is the SM result, the center of energy is
√
s = 13 TeV, and the values of
the parameters are set to be sinφ = 1/
√
2, g2 = 2, and s
q
R = 0.3. In order to suppress the
contributions from the SM, we adopt the following kinematic cuts:
PT (jet) ≥ 150 GeV , PT(γ) ≥ 300 GeV , (37)
where PT denotes the transverse momentum of a particle or a jet. It can be seen that
σ(pp→ (γγ)H+jet) in our model can be larger than σSM(pp→ γγ+jet) after the kinematical
cuts. For clarity, we also show the corresponding significance, which is defined by S/
√
B, in
Fig. 5(b), where we have fixed yF = −8 and the different lines are associated with different
luminosities. It can be found that with a luminosity of 60 fb−1, the significance can be above
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qq
H
g
FIG. 4: Feynman diagram for pp→ H+jet process where black dot indicates effective coupling in
Eq. (30).
FIG. 5: (a) Production cross section for pp → (γγ)H jet as a function of mF , where the dashed
line is the result from the SM, the solid lines are for yF = −8, −6, and we adopt the kinematic
cuts PT (jet) ≥ 150 GeV and PT (γ) ≥ 300 GeV to suppress the background. (b) The corresponding
significance of plot (a) with yF = −8 and different luminosities.
4σ for mF < 900 GeV.
IV. SUMMARY
The minimal renormalizable gauge theory that provides a new charged gauge boson is
a local SU(2) gauge symmetry. Thus, it is of interest to study the model with SU(2)1 ×
SU(2)2×U(1)Y gauge symmetry. The SU(2)2 gauge symmetry can be spontaneously broken
by a SU(2)2 doublet H2. To avoid the complicated gauge anomaly cancellation, we consider
an SU(2)2 vector-like quark doublet Q
′ so that the charged gauge boson W ′ can decay into
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the vector-like quarks and SM quarks, and the production cross section and decay branching
ratios of the heavy Higgs boson H of H2 can be enhanced.
It is found that to satisfy the precision ρ-parameter measurement, the masses of new
gauge bosons have to be heavier than 1.7 TeV; the upper limits of the current dilepton
resonance experiments can give a strict bound on the new gauge coupling g2; and the bound
of g2 from ρ-parameter becomes stronger when g2 > 2.
We add a scalar singlet S in the model so that the H boson can be produced via
the gluon-gluon fusion channel due to the mixing effect between S and H . It is found
that the W ′ gauge boson plays an important role in the H to diphoton decay. As a
result, the production cross section for pp → H → γγ can reach the upper limits of the
ATLAS and CMS experiments. To illustrate the interesting collider signature, we study
the process pp→ γγ + jet and its significances with various luminosities. By taking proper
values of Yukawa coupling yF and mass of vector-like quark, the significance can easily
be over 4σ. In addition, other possible signatures to illustrate the new physics effects
in our model are the production of vector-like quarks via pp → (T¯ T, B¯B), in which the
dominant decay modes are T → tH and B → bH . We found that the production cross
section can reach 0.4 fb for pp→ Q¯′Q′ → q¯q(γγ)H [q¯q(gg)H], which can be tested at the LHC.
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